Deregulation of innate immune signalling and cell death form the basis of most human disease pathogenesis. Inhibitor of APoptosis (IAP) protein-family members are frequently overexpressed in cancer and contribute to tumour cell survival, chemoresistance, disease progression and poor prognosis. Although best known for their ability to regulate caspases, IAPs also influence ubiquitin-dependent pathways that modulate innate immune signalling by activation of NF-jB. Recent advances in our understanding of the molecular mechanisms through which IAPs influence cell death and innate immune responses have provided new insights into novel strategies for treatment of cancer. In this review we discuss our current understanding of IAP-mediated NF-jB signalling, as well as elaborate on unexpected insights into the involvement of IAPs in regulating the 'Ripoptosome', a novel intrinsic cell death-inducing platform. We propose an evolutionarily conserved concept whereby IAPs function as guardians of killer platforms such as the apoptosome in Drosophila and the Ripoptosome in mammals. Cell Death and Differentiation (2012) 19, 58-66; doi:10.1038/cdd.2011.163; published online 18 November 2011
Facts
Although best known for their ability to regulate caspases, IAPs also influence ubiquitin-dependent pathways that modulate innate immune signalling by activation of NF-kB. IAPs contribute to cell survival by acting as key regulators of cell death-activating platforms, such as the apoptosome in Drosophila and the Ripoptosome in mammals. The Ripoptosome is a novel death-inducing complex containing the core components RIPK1, caspase-8 and FADD that forms independently from death receptors/ ligands. Formation of the apoptosome in Drosophila and the Ripoptosome in mammals follows a common principle as they both spontaneously assembly after depletion of IAPs in response to cellular stress and/or developmental cues.
Open Questions
What are the signals that stimulate Ripoptosome assembly? How do IAPs regulate the Ripoptosome, and what are the molecular mechanisms that lead to Ripoptosome formation? What is the role of RIPK1 in health and disease? How can we exploit Ripoptosome formation to improve treatment outcomes?
The realisation that members of the IAP protein family are frequently deregulated in cancer and contribute to chemoresistance and treatment failure 1 has sparked renewed interest in the development of small pharmacologic inhibitors of IAPs. 2 Consistent with the notion that different types of cancer cells are addicted to IAPs for their survival, inactivation of IAPs, particularly when combined with other treatments, results in the death of many tumour cells. 3 While it is clear that IAPs are frequently deregulated in cancer, less clear is how these versatile E3 ligases mediate their pro-tumourigenic effects. Although best known for their ability to block caspases and apoptosis, IAPs also modulate inflammatory signalling and immunity, copper homeostasis, mitogenic kinase signalling, proliferation and mitosis as well as cell invasion and metastasis. More recently, cIAP1, cIAP2 and XIAP were also found to protect cells from spontaneous formation of the Ripoptosome, 4 ,5 a large multi-protein complex that has the capability to kill cancer cells in a caspase-dependent and caspase-independent manner.
IAPs are defined by the presence of one or more BIR (baculoviral IAP repeat) domains, a protein interaction domain of B70 amino acids that mediates protein-protein interactions, and is essential for the anti-apoptotic potential of most IAPs 6-8 ( Figure 1 ). The mammalian IAPs that regulate cell survival, cIAP1, cIAP2 and XIAP, harbour three BIR domains. In addition, these IAPs contain a UBA (ubiquitin (Ub)-associated domain) domain that enables them to bind to polyubiquitin chains 9,10 as well as a RING (Really Interesting New Gene) domain that provides them with Ub E3 ligase activity. 11 cIAP1 and cIAP2 also contain a CARD (caspase recruitment domain) that is required to shut-down cIAP1's E3 ligase activity under steady-state conditions. caspases in a strict biochemical sense, blocking caspases through a 'key-lock' type of mechanism.
14 Residues within a small segment N-terminal to XIAP's BIR2 domain directly bind to the active-site pocket of caspase-3 and caspase-7, thereby preventing substrate entry. Other IAPs, such as cIAP1 and cIAP2, can also bind to caspases, but are inefficient in inhibiting them through mere physical interactions under in vitro conditions. Under physiological conditions, however, IAPs are likely to make use of their E3 ligase activity to neutralise caspases. 15 Although IAPs are best known for their ability to regulate caspases, they also fulfil survival-signalling functions independent of controlling caspases. In particular, cIAP1 and cIAP2 modulate Ub-dependent signalling events that regulate activation of NF-kB transcription factors. cIAPs are required for stimulus dependent activation of the canonical and constitutive suppression of the non-canonical NF-kB pathways. [16] [17] [18] [19] [20] [21] [22] [23] Moreover, cIAPs, and to some extent XIAP, also regulate NF-kB activation downstream from other innate immunity platforms such as the ones assembled by Toll-like receptors (TLR2, TLR3 and TLR4), NOD (nucleotide-binding oligomerisation-domain protein)-like receptors (NOD1 and NOD2) and RIG-I. [24] [25] [26] [27] [28] The recent development of pharmacological inhibitors of cIAPs, dubbed Smac-mimetics (SMs), has helped to shed new light on the role of IAPs in normal physiology and cancer. 29 SM compounds are a class of small-pharmacological molecules that mimic the N-terminal IAP-binding motif (IBM) (AVPI) of mature Smac (also known as DIABLO), a member of the loosely defined family of IAP antagonists. 30 These compounds selectively bind to the BIR2 and BIR3 domains of IAPs. Although they bind to multiple IAPs, SMs exert their most prominent effects on cIAP1 and cIAP2.
Binding of SMs to the BIR3 causes a conformational change of cIAP1, allowing RING dimerisation and E2 activation. 31 This results in auto-ubiquitylation and proteasomal degradation of cIAP1 and cIAP2 within minutes of SM treatment. SM-mediated co-depletion of cIAP1 and cIAP2 has been instrumental in dissecting the physiological and cancerrelated functions of cIAPs. 32 
cIAPs in TNF-R1 Signalling
Signalling by tumour necrosis factor (TNF) receptor (TNF-R1) can stimulate a plethora of seemingly opposing biological processes, ranging from inflammatory cytokine production, cell survival, cell proliferation and cell death. 33 Originally, TNF was discovered as a macrophage-derived factor that selectively causes necrosis of mouse fibrosarcoma L-929 cells. 34 After initial promising prospects for this discovery to be exploited in anticancer therapies, it quickly became clear that TNF not generally promotes tumour necrosis, but instead acts as one of the key mediators of cancer-related inflammation that drives tumour development and/or progression. 35, 36 Consistently, constitutive production of TNF from the tumour micro-environment is seen in many malignant tumours, and is frequently associated with poor prognosis. 37 A large body of effort, including the seminal work by Tschopp and co-workers, has greatly contributed to our current understanding of how TNF can drive NF-kB activation and cell survival, and under what conditions TNF stimulates tumour necrosis.
TNF mediates most of its effect through activating a set of transcription factors that are collectively referred to as NF-kB. 38 Key to TNF-mediated activation of NF-kB is the assembly of a Ub-dependent signalling complex 40 Additionally, Ub can also be conjugated to the amino-terminus, resulting in M1-linked chains. 41 The different types of Ub chain linkages exert distinct functional outcomes. 42 This is predominantly due to the fact that the different chain types adopt distinct topologies, which in turn are recognised by specific Ub receptors. Recent studies indicate that TNF signalling involves conjugation of chains linked through M1, K11, K48 and/or K63 of Ub. 39 However, the importance of individual Ub linkage sub-types for TNF signalling is currently subject to intense debate.
According to the current dogma, 43 binding of trimeric TNF to TNF receptor-1 (TNF-R1) triggers the initial recruitment of the adaptor proteins TRADD, Sam68, TRAF2 and TRAF5; the E3 ligases; cIAP1 and cIAP2; and the protein kinase RIPK1 (Figure 2a ). This complex is frequently referred to as complex-I. 44 cIAP-mediated conjugation of Ub to components of complex-I, such as RIPK1, allows subsequent recruitment of the Linear UB chain Assembly Complex (LUBAC, composed of HOIL/HOIP/Sharpin), and the kinase complexes TAK1/TAB2/TAB3, and IKK (composed of NEMO/IKKa/ IKKb. 39 Ub-dependent recruitment of LUBAC, TAK1/TAB2/ TAB3 and IKK is mediated by UBDs present in TAB2, NEMO and HOIP. Once recruited, LUBAC then modifies NEMO and RIPK1 with M1-linked Ub chains, resulting in increased stability of the complex. Additionally, binding of NEMO to M1-linked Ub chains causes a conformational change of IKK that is thought to facilitate its activation. 45 After activation, IKKb phosphorylates IkB, which targets it for ubiquitylation and proteasomal degradation. Depletion of IkB liberates NF-kB dimers, which subsequently translocate to the nucleus and drive the expression of target genes. As TNF-mediated activation of NF-kB critically relies on ubiquitylation, signalling is attenuated by de-ubiquitylating enzymes, such as CYLD and A20-like proteases, that remove the Ub adduct and disassemble complex-I. 46 While activation of TNF-R1 results in the NF-kB-mediated expression of genes important for inflammation and cell survival, under certain circumstances TNF can also induce cell death. Micheau and Tschopp were the first to identify a secondary death-promoting complex that is formed after TNF stimulation. This cytoplasmic complex, which derives from complex-I, is frequently referred to as complex-II (also known as complex-IIA) (Figure 2a ). This secondary complex consists of TRADD, FADD, caspase-8 and FLIP, and forms 2 h after ligation of TNF to TNF-R1. Importantly, the killing version of complex-II, which lacks FLIP, occurs only under conditions where expression of NF-kB target genes is blocked, such as upon genetic deletion of NF-kB, expression of the IkB-super repressor (IkB SR ) or in the presence of cycloheximide. 44, 47 However, if TNF successfully stimulates NF-kB-mediated expression of target genes, formation of complex-II does not lead to apoptosis. This is because NF-kB activation results in upregulation of anti-apoptotic proteins, such as FLIP, that 'restrains' caspase-8 in complex-II. 44, 48 From the 11 known FLIP isoforms, the long (FLIP L ) and the short (FLIP S ) isoforms are prominently expressed in cultured tumour cells. 49 cIAPs: Double-Edged Swords cIAPs are not only positive regulators of canonical NF-kB signalling downstream from the TNF-R1 receptor, but also function as negative regulators of the non-canonical NF-kB pathway (Figure 2b) . [16] [17] [18] [19] [20] [21] [22] 55, 56 Activation of the non-canonical NF-kB pathway occurs in response to ligands of a subset of the TNF receptor superfamily that includes BAFF, CD40L and TWEAK. Under unstimulated conditions, non-canonical NF-kB signalling is normally suppressed because of constitutive proteasomal degradation of the kinase NIK by a Ub E3 ligase complex consisting of TRAF2, TRAF3 and cIAPs. 16, 57 Figure 2 cIAP-mediated regulation of canonical and non-canonical NF-kB. (a) Binding of TNF to TNF-R1 stimulates the formation of complex-I consisting of TNF-R1, TRADD, Sam68, RIPK1, TRAF2, TRAF5 and cIAP1/2. Of note, TRAF5 can also be part of this complex; however, as it is currently not clear how TRAF5 contributes to the formation of complex-I (TRAF5 does not bind to cIAPs) it was omitted from this figure for clarity reason. TRAF2 recruits the E3 ligases cIAP1 and cIAP2 to complex-I. Subsequently, cIAPs ubiquitylate several components of this complex, which is required to attract LUBAC. LUBAC subsequently consolidates this complex by facilitating/ promoting further ubiquitylation, which results in stabilisation of complex-I, and also recruits IKK. This leads to activation of TAK1 and IKK, which in turn phosphorylates IkB leading to its destruction and liberation of NF-kB (p65/p50). NF-kB subsequently drives the expression of a plethora of target genes. NF-kB-mediated upregulation of FLIP suppresses cell death induced by complex-IIA. In the absence of NF-kB-mediated gene expression, or in the presence of cycloheximide, formation of complex-IIA can trigger caspase-8 activation and cell death. (b) Regulation of non-canonical NF-kB activation. Under resting conditions (left), NIK is constitutively targeted for degradation by the E3 complex TRAF3:TRAF2:cIAP1/2, keeping NIK levels low. TRAF3 and TRAF2 thereby function as adaptors that bring NIK into position for cIAP-mediated ubiquitylation. After ligation of CD40 (right), TRAF3:TRAF2:cIAP1/2 is recruited to the receptor where cIAPs now target TRAF3 for ubiquitylation and proteasomal destruction. Depletion of TRAF3 causes stabilisation and activation of NIK because NIK can no longer be ubiquitylated by cIAPs in the absence of TRAF3. Active NIK phosphorylates IKKa, which in turn phosphorylates p100. Phosphorylated p100 undergoes limited proteasome-mediated proteolysis of p100 to p52. RelB:p52 heterodimers then translocate to the nucleus and activate the expression of NF-kB target genes TRAF3 binds directly to NIK and recruits it to TRAF2 through its ability to heterodimerise with TRAF2. TRAF2 in turn recruits cIAP1 or cIAP2, which are responsible for conjugation of K48-linked Ub chains to NIK. While cIAPs constitutively shut down non-canonical NF-kB signalling, activation of this pathway is triggered upon ligation of BAFF, CD40L and TWEAK. Receptor ligation results in the recruitment of TRAF3-TRAF2-cIAP. This causes ubiquitylation and degradation of TRAF3, or coordinated depletion of TRAF2 and cIAP1, depending on the cellular context and receptor involved. In any case, depletion of the components of the TRAF3-TRAF2-cIAP E3 complex results in stabilisation of NIK, which subsequently phosphorylates IKKa and the NF-kB precursor p100. Activated IKKa homodimers phosphorylate additional residues in p100, which leads to its partial degradation to generate the p52 form. Like after receptor stimulation, genetic loss of TRAF2, TRAF3 or cIAPs also results in accumulation of NIK and constitutive activation of non-canonical NF-kB signalling.
Depletion of cIAPs by SM treatment also results in stabilisation of NIK and spontaneous activation of non-canonical NF-kB signalling (Figure 3a) . 19, 20 In some cells (referred to SM-sensitive cells), SM-mediated activation of NF-kB leads to induction of TNF. Autocrine produced TNF subsequently stimulates TNF-R1 and, in the absence of cIAP-mediated ubiquitylation of components of complex-I, this leads to the formation of complex-IIB (Figure 3b) . 47, 58 This complex is distinct from complex-IIA as it requires RIPK1, instead of TRADD, to recruit FADD and caspase-8. Complex-IIB forms in response to TNF-R1 stimulation under conditions when cIAPs are missing or when cIAPs' E3 activity is defective. Assembly of complex-IIB results in rapid activation of caspase-8 and induction of apoptosis. In most cases, this form of death is completely blocked by caspase inhibitors indicating that it is caspase-derived. 19, 20, 58 However, in some cells, exposure to caspase inhibitors, or genetic defects that prevent caspase-8 activation, switches the apoptotic response to programmed necrosis, also referred to as necroptosis. [59] [60] [61] [62] [63] The switch to necroptotic cell death depends on the levels of RIPK3, 62,64 a kinase similar to RIPK1. In cells that express high levels of RIPK3, RIPK3 is recruited to complex-IIB. Activation of the kinase activities of RIPK1 and RIPK3 then initiates a signalling cascade that results in necroptotic cell death. 61, 62, 64 Interestingly, activation of the non-canonical pathway also provides a negative feedback mechanism for SM-induced killing as it results in upregulation of the NF-kB target gene cIAP2. NF-kB-mediated cIAP2 gene expression can provide protection against the lethal effects of TNF, presumably by targeting RIPK1 and NIK for ubiquitylation. 65, 66 Surprisingly, cIAP2 that is upregulated in response to SMs is resistant to SM-mediated degradation. This is because SM-mediated degradation of cIAP2 depends on the presence of cIAP1. Thus, only in the presence of cIAP1, SM treatment stimulates degradation of cIAP2. While treatment with SM leads to efficient degradation of both cIAP1 and cIAP2 at early time points, later on cIAP2 levels dramatically increase (as a result of NF-kB activation), whereas the ones of cIAP1 remain low. This has significant implications as it predicts that SM treatment will be less effective in cancers that lack cIAP1 and express high levels of cIAP2. Consistently, inhibition of cIAP2 upregulation renders cancer cells more susceptible to treatment with TNF and SMs. 65, 66 IAPs as guardians of killer platforms. Although cIAPs are unlikely to inhibit caspases directly, they are essential to suppress activation of the extrinsic cell death pathway after Figure 3 Non-canonical NF-kB signalling and SM-induced cell death. (a) Under resting conditions (left), NIK is constitutively targeted for degradation by the E3 complex TRAF3:TRAF2:cIAP1/2, keeping NIK levels low. TRAF3 and TRAF2 thereby function as adaptors that bring NIK into position for cIAP-mediated ubiquitylation. After exposure to SM, cIAPs rapidly undergo auto-ubiquitylation and proteasomal degradation. This causes stabilisation and activation of NIK. Active NIK phosphorylates IKKa, which in turn phosphorylates p100. Phosphorylated p100 undergoes limited proteasome-mediated proteolysis of p100 to p52. RelB:p52 heterodimers then translocate to the nucleus and activate the expression of NF-kB target genes. NF-kB-mediated induction of TNF results in activation of TNF-R1 (b). In the absence of cIAPs, RIPK1 recruits FADD and caspase-8 to form complex-IIB. Depending on the amount of RIPK3, RIPK3 is also recruited to complex-IIB contributing to cell death by necroptosis ligation of TNF to TNF-R1. The role of cIAPs in regulating the intrinsic (or mitochondrial) cell death pathway is less clear. In mammals, the intrinsic pathway proceeds after mitochondrial outer membrane permeabilisation (MOMP), which leads to release of pro-apoptotic proteins into the cytosol. 67 One of these proteins, cytochrome c, binds to the adaptor protein Apaf-1 and, together with dATP, induces a conformational change that leads to Apaf-1 oligomerisation and recruitment of caspase-9 to form the apoptosome. Upon its recruitment to the apoptosome, caspase-9 is activated, which in turn leads to activation of downstream effector caspases and apoptosis. The key decision point of the intrinsic cell death pathway appears to reside with members of the Bcl-2 family of proteins that control MOMP and release of cytochrome c. 68 Accordingly, mice that lack the anti-apoptotic Bcl-2 member Bcl-x or Mcl1 die during embryogenesis owing to ectopic apoptosis. 69, 70 While anti-apoptotic members of the Bcl-2 family function as the last line of defence, presence of IAPs appears to influence only the rate of cell death, but do not seem to provide clonogenic survival after MOMP. 71 Further, although XIAP is able to inhibit caspase-3, caspase-7 and caspase-9, 14 XIAP-deficient mice are viable and do not show any gross apoptotic phenotypes. 72 This indicates that the 'decision' to undergo apoptosis (point of no return) is taken at the level of the mitochondria. Regulation of the intrinsic apoptotic machinery in mammals seems to be in stark contrast to the situation in Drosophila where the Drosophila IAP 1 (DIAP1) acts as the last line of defence against caspase-mediated cell death (Figure 4) . 73 Physical association between DIAP1 and caspases is essential for cell survival. Embryos homozygous for diap1 loss-of-function mutations that abrogate binding to effector or initiator caspases die during embryogenesis owing to ectopic cell death. On the other hand, mutations that enhance DIAP1's ability to associate with caspases result in a gainof-function phenotype. 74, 75 Therefore, the DIAP1:caspase association represents the key decision point in the regulation of the apoptotic caspase cascade in flies. In the absence of DIAP1, the initiator caspase Dronc, which is the Drosophila orthologue of caspase-9, spontaneously binds to Dark/dApaf-1/Hac1 to from the apoptosome and induce cell death, independently from mitochondrial factors. Clearly, in Drosophila, IAPs act as the last line of defence before apoptotic destruction. Under healthy conditions, DIAP1 targets Dronc for ubiquitin-mediated inactivation. DIAP1 also suppresses spontaneous cell death by targeting the apoptosome for ubiquitylation and inactivation. 85 In response to DNA damage, expression/activation of IAP antagonists or after developmental signals, however, DIAP1 levels are rapidly depleted, which liberates Dronc from DIAP1 inhibition and results in accumulation of the apoptosome and cell death. Similarly in mammals (right), cIAP1, cIAP2 and XIAP constitutively prevent the formation of a RIPK1-dependent caspase-activating platform. All three IAPs are required to target RIPK1 and the components of the Ripoptosome (caspase-8 and FLIP) for ubiquitin-mediated inactivation. After genotoxic stress, release of IAP antagonists or SM treatment, cIAP1, cIAP2 and XIAP levels are rapidly depleted and/or inactivated. This allows the formation and accumulation of the Ripoptosome, and activation of caspase-8. In the presence of high levels of RIP3 this can lead to necroptosis. FLIP also regulates Ripoptosome-mediated cell death. FLIP L thereby prevents apoptosis and necrosis, whereas FLIP S inhibits apoptosis but promotes necroptosis Recent evidence now indicates that mammalian IAPs might have a similar key role in controlling the intrinsic (death receptor-independent) pathway after all; albeit not through regulating the formation of the apoptosome, but instead by controlling the assembly of an upstream cell death-inducing platform dubbed Ripoptosome (Figure 4) . 4, 5 The Ripoptosome assembles in response to genotoxic stress-induced depletion of XIAP, cIAP1 and cIAP2, as well as after SM treatment. This large B2-MDa macromolecular complex contains the core components RIPK1, FADD and caspase-8, and can stimulate caspase-8-mediated apoptosis as well as caspase-independent necrosis. Importantly, formation of the Ripoptosome complex occurs independently of TNF, CD95L/ FASL, TRAIL, death receptors and mitochondrial pathways. While the core components of this complex (RIPK1, FADD and caspase-8) are identical to the ones of complex-IIB, the fact that this complex forms independently of death ligands indicates that it cannot constitute complex-IIB, which, per definition, originates from complex-I. 44, 47 To uncouple it from the TNF-dependent complex-II, it is therefore better referred to as 'Ripoptosome'. The Ripoptosome can also include additional proteins such as caspase-10, FLIP L , RIPK3 and TRIF, depending on cell type and stimulus. Assembly of the Ripoptosome depends on the kinase activity of RIPK1. It is negatively regulated by cIAP1, cIAP2 and XIAP, as well as FLIP. Although cIAPs and XIAP are functionally distinct IAPs, it is clear that cIAP1, cIAP2 and XIAP jointly suppress Ripoptosome formation. 4 Accordingly, in the absence of XIAP, SM more readily triggers Ripoptosome formation and cell death. IAP-mediated inactivation of RIPK1 and/or Ripoptosome occurs in a Ub-dependent manner, most likely by targeting RIPK1, and other components of the Ripoptosome, for proteasomal degradation. Of particular interest is the observation that cIAPs and XIAP can target cleaved FLIP and caspase-8 for ubiquitylation. 4 Previous work by Tschopp and co-workers indicated that caspase-8-mediated cleavage of FLIP leads to the generation of FLIP(p43), which allows its binding to TRAF2 and the formation of the FLIP(p43)-caspase-8-TRAF2 tertiary complex. 50, 76 TRAF2 then recruits cIAPs, which target cleaved FLIP and caspase-8 for ubiquitylation. 4 Intriguingly, cIAP1-mediated ubiquitylation of FLIP is completely blocked by z-VAD-fmk, which blocks caspase-8-mediated cleavage of FLIP. This indicates that cIAP1 targets the 'active' FLIP-caspase-8 complexes for ubiquitylation and inactivation.
Although treatment with genotoxic stress (etoposide and teniposide) and SM results in cIAP depletion and the formation of the Ripoptosome, etoposide is clearly more effective in stimulating Ripoptosome-mediated cell death than SMs. This may be due, at least in part, to the ability of etoposide to deplete XIAP 77 and FLIP [78] [79] [80] [81] in addition to cIAP1 and cIAP2. 77 Moreover, SM treatment causes NIKmediated upregulation of cIAP2. 65 Therefore, the different potency in inducing cell death may result from their different capabilities to deplete IAPs and FLIP.
Even though SM treatment does not necessarily lead to immediate cell death, SM-induced Ripoptosome formation primes cells to death as it converts pro-inflammatory signals into pro-death stimuli. 4, 5 For example, while activation of TLR3 normally signals for inflammatory responses through NF-kB and type-I interferon induction, in the presence of SM (or absence of cIAPs) TLR3 signalling leads to Ripoptosomemediated cell death. Likewise, the pro-inflammatory cytokines TNF, TWEAK and LIGHT trigger Ripoptosome-mediated cell death in the presence of etoposide-or SM-mediated depletion of IAPs. This suggests that mere formation of the Ripoptosome is not sufficient to induce cell death. For death to occur, an additional 'activating' signal is required. This can be provided in the form of DNA damage or cytokine signalling.
The Ripoptosome can also mediate caspase-independent necroptosis. This form of death depends on the presence of RIPK3 and generation of reactive oxygen species (ROS). 82 Interestingly, different isoforms of FLIP determine whether the Ripoptosome induces RIPK3-dependent necroptosis or caspase-mediated apoptosis. 4, 5 Whereas FLIP L can protect cells against both forms of cell death, FLIP S actively promotes RIPK3-dependent necroptosis, while blocking apoptosis. This paradoxical role of the different isoforms of FLIP is likely due to the fact that FLIP L allows localised activation of caspase-8, which results in cleavage and inactivation of RIPK1, 53 and suppression of necroptotic cell death. This observation also provides a mechanistic explanation why genetic deletion of FADD, FLIP L or caspase-8 causes embryonic lethality. While caspase-8-and FADD-deficient mice die at embryonic stage 10.5, they are rescued, at least in part, by co-deletion of RIPK1 and RIPK3. 52, 83, 84 Therefore, caspase-8 appears to be required to suppress caspase-independent necroptosis mediated by RIPK3.
The complex that protects cells from RIPK-dependent necrosis is likely to contain RIPK1/3, FADD, caspase-8 and FLIP; however, the precise mechanism by which this complex assembles to prevent RIPK-mediated cell death is not presently known. It is intriguing to speculate on a role of the Ripoptosome. Clearly, more work is needed to clarify whether the Ripoptosome is required for caspase-8-mediated inactivation of RIPK, and how IAPs might regulate this. Much anticipated is the analysis of cIAP1/cIAP2 double-knockout animals and whether their putative phenotype can be rescued by simultaneous co-deletion of RIPK1 or RIPK3. Further, it will be essential to determine the contribution of TNF signalling.
Concluding Remarks
All in all, a common theme emerges whereby IAPs contribute to cell survival by acting as key regulators of cell deathactivating platforms, such as the apoptosome in Drosophila and the Ripoptosome in mammals. Formation of these macromolecular platforms follows a common principle as they both spontaneously assembly after depletion of IAPs in response to cellular stress or developmental cues. While DIAP1 regulates the apoptosome by targeting Dark and Dronc, cIAPs and XIAP suppress Ripoptosome formation by ubiquitylating RIPK1 and caspase-8. Ubiquitylation of RIPK1 further contributes to pro-survival signalling as it enables RIPK1-mediated activation of NF-kB and induction of prosurvival transcriptional programmes.
Given that resistance to apoptosis is one of the hallmarks in cancer, the finding that the Ripoptosome also can trigger cell death independent of caspases provides new opportunities on fundamental mechanisms by which chemotherapeutics may kill cancer cells. Further, the observation that Ripoptosome formation converts pro-inflammatory cytokines into pro-death signals has important implications for the design of anticancer therapies aimed at exploiting cancer-related inflammation.
